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The itinerant quasi-ferromagnetic metal MnSi has been studied by detailed thermal expan-
sion measurements under pressures and magnetic fields. A sudden decrease of the volume at
the critical pressure Pc ∼ 1.6 GPa has been observed and is in good agreement with the pres-
sure variation of the volume fraction of the spiral magnetic ordering. This confirms that the
magnetic order disappears by a first order phase transition. The energy change estimated by
the volume discontinuity on crossing Pc is of similar order as the Zeeman energy of the tran-
sition from the spiral ground state to a polarized paramagnetic one under magnetic field. In
contrast to the strong pressure dependence of the transition temperature, the characteristic
fields are weakly pressure dependent, indicating that the strength of the ferromagnetic and the
Dzyaloshinskii-Moriya interactions do not change drastically around Pc. The evaluated results
of the thermal expansion coefficient and the magnetostriction are analyzed thermodynamically.
The Sommerfeld coefficient of the linear temperature term of the specific heat is enhanced just
below Pc. The magnetic field-temperature phase diagrams in the ordered and paramagnetic
phases are also compared. Comparison is made with other heavy fermion compounds with first
order phase transition at 0 K.
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1. Introduction
High pressure is an ideal parameter to tune a strongly
correlated electron systems (SCES) from one ordered
state to another, e.g. from a magnetically ordered state
to a paramagnetic Fermi liquid state. Generally it is be-
lieved that such a zero temperature transition at a quan-
tum critical point (QCP) is of second order. Furthermore,
close to the QCP the occurrence of new states of matter,
such as pronounced non Fermi liquid (NFL) behavior and
unconventional superconductivity, may be directly asso-
ciated to the critical fluctuations due to the zero tem-
perature quantum phase transition (QPT).1–3 Here we
are interested in the behavior of the thermal expansion
through the QCP as function of pressure. Generally a
continuous volume (V ) change must occur at T →0 K
between a magnetically ordered state (antiferromagnetic
(AF) or ferromagnetic (FM)) and a paramagnetic (PM)
ground state. The appearance of NFL properties is be-
lieved to be associated to the collapse of a characteristic
energy scale of the critical fluctuations at the QCP.3
The studies with temperature (T ) and pressure (P )-
tunings to QCP of SCES, such as itinerant magnetic met-
als and heavy fermion compounds, have revealed that the
concept of a second order QPT can be invalid. In the case
of a FM-PM transition, for example, a first-order tran-
sition has been predicted theoretically and observed in
the experiments4, 5 There are also examples of the first-
order transition at Pc for an AFM-PM transition, e.g.
CeRh2Si2
6 and CeIn3.
7
In principle, one can distinguish a first order phase
transition with a volume discontinuity (∆V ) across Pc.
For a second order transition the volume thermal ex-
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pansion coefficient (αv = V
−1∂V/∂T ) will collapse at
the QCP. However, experimental evidences are not so
easy to detect, because an intrinsic phase separation be-
tween the two states and/or the extrinsic pressure in-
homogeneity may spread out any volume discontinuity
close to the critical pressure. Furthermore, also in the
theory of three dimensional AF spin fluctuation even
for a second order QCP, the Ne´el temperature may col-
lapse strongly with a diverging Gru¨neisen parameter
ΩTN = −∂ logTN/∂ logV ; that leads to a large thermal
expansion coefficient α, which is linked to ΩTN ∼ αV0/Cκ
(V0, C and κ are the molar volume, specific heat and
compressibility).8 Thus, as in the case of a homogeneous
first order transition at T = 0 K (Clapeyron relation),
the slope of ∂TN/∂P will be also infinite at the QCP.
In the present article, we focus on MnSi which has
been intensively studied by macroscopic and microscopic
experiments.4, 9–26 It is well established that the mag-
netic transition gets first order above P ∗ ∼ 1.2 GPa as
function of temperature and vanishes at a critical pres-
sure Pc ∼ 1.5 GPa by a first order QPT.4, 9, 10 Further
indications of the first order QPT are the appearance of
intrinsic phase separation between the low pressure spi-
ral spin structure9, 10 and another high pressure phase
proposed to have partial magnetic order.11 Another sin-
gular point of MnSi is the observation of NFL properties
as a T 3/2-dependence of the electrical resistivity on only
in the vicinity of the QCP but at least up to 4.8 GPa ∼
3Pc,
12–15 even though the partial ordering phase is sug-
gested to be disappeared at P ∼ 2.1 GPa ∼ 1.5Pc.11
Definitely, the new high pressure phase of MnSi does not
look as a usual paramagnetic state.
The low pressure helical (spiral) spin structure of MnSi
with a long period of 180 A˚ propagating along the [111]
1
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direction is well understood.16, 27 It has its origin in the
so-called asymmetric Dzyaloshinskii-Moriya (DM) inter-
action due to the lack of inversion symmetry in its B20-
type cubic structure. The DM interaction precludes the
establishment of a FM ground state.28, 29 However, a
quite moderated field Hc ∼ 0.6 T leads to restore a
field polarized paramagnetic (PPM) phase below Tc. On
warming above Tc this PPM appears under magnetic
field through a crossover boundary (Hm, Tm) in the PM
phase. Previous magnetic susceptibility measurements
under pressure up to 1.6 GPa showed a weak pressure de-
pendence of Hc or of the extrapolation (Hm(T → 0 K))
for P > Pc in contrast to the strong pressure dependence
of Tc.
18 This underlines clearly that the FM interaction
itself is weakly pressure dependent.
Here we report on extensive thermal expansion mea-
surements of MnSi under pressure and magnetic field.
Furthermore we briefly present results of ac-calorimetry
under pressure in zero magnetic field. Special attention
was given to increase the number of the measured pres-
sure steps compared to the recent thermal expansion
measurements under pressure via a neutron Larmor pre-
cession experiment.19 This allows a quantitative com-
parison with the other microscopic experiments such as
neutron scattering,20 NMR9, 21 and µSR.10 The pres-
sure variation of the volume just below Pc is well scaled
with the volume fraction of the spiral phase proposed by
NMR9, 21 and µSR10 experiments. The fast volume col-
lapse observed here near Pc is the result of an inhomoge-
neous phase separation. If the first order transition at 0 K
will be homogeneous, the volume discontinuity between
the two phases will be estimated as ∆V/V ∼ 2×10−4. In
terms of energy, the associated mechanical work P∆V at
Pc corresponding to an energy of ∼0.4 K is quite com-
parable to the Zeeman energy µBH to restore a PPM
phase from the spiral phase at Hc ∼ 0.6 T, indicating
the pressure insensitivity of FM and DM interactions.
2. Experimental details
2.1 Sample preparation
For the thermal expansion measurements, we used a
sample of the same batch used in the previous neutron
scattering measurements.20 High-quality single crystals
were prepared by Czochralski pulling from a stoichio-
metric melt of high-purity (> 99.995%) elements, using a
radio-frequency heating and a cold copper crucible. More
details are reported in the literature.20
Small single crystals for the ac-calorimetry study have
been grown by the zinc-flux method; the resistivity mea-
surements in Ref. 15 were realized on crystals of the same
batch.
2.2 Thermal expansion measurements
In order to measure the thermal expansion of MnSi
under pressure, a strain gauge method is employed here.
The relative change of lattice constant can be detected by
the change in the resistance of the gauge glued on sample.
It is possible to follow the magnetic anomaly on a rela-
tive extended pressure range. In the interesting pressure
range of 1 GPa < P < 2 GPa near the suspected critical
pressure Pc ∼ 1.5 GPa, one can study the temperature
evolution over a sufficiently large temperature window.
However, the temperature variation of the resistance of
the gauge precludes measurements below 3 K. A great
advantage of this technique is that it is well suitable for
measurements under pressure with the possibility to se-
lect an adequate pressure transmitting medium and to
tune the pressure by fine steps close to Pc. Of course,
the difficulty is to ensure the coupling between the strain
gauge and the deformation of the sample.
This technique under pressure is widely applied for
heavy fermion compounds and gives quite reliable re-
sults.6, 30–33 For example, the temperature variation of
thermal expansion at ambient pressure is in good agree-
ment with the result obtained by high accurate capacitor
measurements. We have succeeded to detect the anomaly
corresponding to the phase transition of MnSi in agree-
ment with previous works19 and also obtained that quite
reproducible data are obtained during different pressure
cycles.
We glued strain gauges on a single crystalline MnSi
along a-axis and on a Si crystal, which is a reference
having a negligibly small thermal expansion coefficient
of less than ∼10−7/K at least in the temperature range
measured here.34 The relative change of the lattice con-
stant, ∆L/L, is measured by the so-called active dummy
method and is proportional to the difference of resistance
between the gauges on the sample and reference mate-
rial, ∆R/R. The link between ∆R/R and ∆L/L was
calibrated at 0.62 GPa by normalizing our data to the
previous reports of the thermal expansion obtained from
the neutron Larmor precession measurements,19 which
gives absolute values. To detect the small change of the
resistance, we used a Wheatstone bridge circuit. More de-
tails about the experimental method is given elsewhere.6
Pressure was applied by using a two-layered hybrid
piston cylinder type pressure cell filled with Daphne oil
7373 as pressure-transmitting medium. We determined
the pressure by measuring the superconducting tran-
sition of Pb by ac-susceptibility. For magnetostriction
measurements, we applied magnetic fields along the a-
axis with a conventional superconducting coil up to 2 T.
The calibrations under field, e.g. magnetoresistance of
the gauge and magnetostriction of Si, were not taken
into account, since they are negligibly smaller than the
magnetostriction of MnSi. We performed two pressure
cycles: the first measurements with increasing pressure
up to 2 GPa (run 1), and the second measurements after
releasing pressure to 1 GPa after run 1 and measuring
with increasing pressure up to 1.7 GPa (run 2).
2.3 ac-calorimetry measurements
The temperature dependence of specific heat was mea-
sured by an ac-method under pressure and zero field.
Pressure was applied by a diamond-anvil cell filled with
Ar as a pressure transmitting medium. The sample
was heated using an Ar laser. By use of a mechani-
cal chopper a quasi-sinusoidal excitation is transmitted
to the sample via an optical fiber directly on the dia-
mond. An Au/AuFe (0.07%) thermocouple soldered to
the sample served to measure the temperature oscilla-
tion Tac = Sth/Vth of the sample, with Sth and Vth being
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the thermopower and the measured voltage on the ther-
mocouple. The measurements were performed at 720 Hz.
The specific heat of the sample can be estimated by
Cac ∝ sin(θ− θ0)/Tac. An incertitude contains the origin
of the phase θ0. Here, θ0 was chosen to reproduce the cor-
rect form of the temperature dependence of the ac spe-
cific heat at low temperature compared to an absolute
measurement at zero pressure. Furthermore, the back-
ground contribution of the pressure cell is not known.
This impedes a discussion of absolute values of the spe-
cific heat and furthermore to discuss the temperature
dependences under pressure in more detail. Further de-
tails of the method and its limitation are given in Ref.
35.
3. Experimental results
3.1 Pressure-temperature phase diagram
In a first run, we measured the temperature depen-
dence of the linear thermal expansion ∆L/L0 along a-
axis at 11 pressures up to 2 GPa in zero magnetic field.
Fig. 1 presents ∆L(T )/L0 at selected pressures of 0.62,
1.52 and 1.61 GPa. ∆L/L0 is generally the sum of the
lattice, electronic and magnetic contributions. In an itin-
erant magnetic systems, the latter two-terms can not be
decoupled. At 0.62 and 1.52 GPa, ∆L/L0 follows roughly
a T 2-dependence above the temperature of its minimum,
which corresponds to the conventional lattice thermal ex-
pansion. A solid line in the figure is the reported conven-
tional thermal expansion.19 The slight deviations of our
data from the line are due to the pressure variation of the
T 2 term and discussed later. On further cooling a neg-
ative thermal expansion is observed. It implies the tem-
perature evolution of the spontaneous magnetostriction
which linked to the formation of the sublattice magneti-
zation. With increasing pressure, the spontaneous mag-
netostriction decrease. At 1.61 GPa, there is no negative
thermal expansion at least down to 3 K, indicating the
suppression of the spiral magnetic ordered phase.
The thermal expansion coefficient along a-axis αa ≡
∂(∆L/L0)/∂T is plotted in Fig. 2(a). Tc is defined at
the extrema of αa and indicated by arrows in Fig. 1.
Fig. 2(b) represents the temperature dependence of the
specific heat derived from ac-calorimetry on a single crys-
tal from different batches. Qualitatively, the agreement
between thermal expansion coefficient and specific heat
is excellent (see also Fig. 3). Above 1.3 GPa, the spe-
cific heat anomaly at the magnetic transition is strongly
suppressed, in contrast to the slight enhancement of
the anomaly of α with pressure. For P > 1.45 GPa,
no anomaly is observed in any specific heat experiment
above 2 K.
In Fig. 3, we summarize the pressure-temperature
phase diagram determined by the peak of αa(T ) and spe-
cific heat at zero field together with previously reported
data.4, 12, 22 Compared to our results, the reported value
of Pc=1.46 GPa in Ref. 4 and 12 is slightly lower. This
discrepancy may be due to the difference in the pressure
inhomogeneity due to different pressure media. Another
origin might come from the different quality of the MnSi
crystals. The resistivity measurements on sample from
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Fig. 1. (Color online) Temperature dependence of the relative
change of lattice constant at 0.62, 1.52 and 1.62 GPa (run 1).
The arrows are the evaluated Tc by the extrema of temperature
derivative (see Fig. 2). The solid line indicates the conventional
thermal expansion ∆L/L0 ∼ 3.2× 10−8T 2 reported in Ref. 19.
the same batch used in thermal expansion measurements
gives a residual resistivity ratio near 40.
3.2 First-order transition at Pc; volume discontinuity
In a second run, we performed more detailed pres-
sure steps. Fifteen different pressures are measured in
the pressure range between 1 GPa and 1.7 GPa in order
to obtain more detailed insights in the behavior of the
system in the vicinity of Pc. Usually, a solid contracts on
cooling above the the onset of the magnetic transition.
This high temperature part can be fitted by a a′T 2 term
describing the lattice contribution. In order to obtain the
spontaneous magnetostriction, the T 2-term is subtracted
from the total thermal dilatation ∆L/L0. With this pro-
cedure in our experiment, the evaluated a′ varies with P :
e.g. a′ for P = 0, 1, and 1.5 GPa are approximately 3, 5
and 7×10−8 K−2.
Fig. 4 presents the temperature dependence of the
spontaneous magnetostriction ∆L/L0 − a′T 2 at various
pressures above 1 GPa. With increasing pressure, the
spontaneous magnetostriction decreases gradually up to
∼ 1.4 GPa and is suddenly suppressed on approaching
Pc (see also Fig. 5 (b)). Across the critical pressure Pc, it
changes sign and gets negative at low temperature and
shows weak pressure variation above Pc, in agreement
with the neutron Larmor precession measurements.19
In Fig. 5, we plot the pressure dependence of Tc
and of the spontaneous magnetostriction obtained at
3 K in Fig. 4. From our results, Pc is determined as
P ∼ 1.58 GPa within experimental uncertainty. The vol-
ume discontinuity expected by the nature of the first-
order phase transition is clearly observed from P ∼
1.5 GPa to Pc = 1.58 GPa. The pressure width ∆P ∼
0.1 GPa of the volume discontinuity is almost similar to
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Fig. 2. (Color online) Temperature dependence of (a) the linear
thermal expansion coefficient along the a-axis αa (run 1) and
(b) the specific heat obtained by the ac-method Cac for several
pressures. The inset in (b) shows pressure evolution of specific
heat anomalies near Pc.
the previous results by extrapolating to 0 K as shown in
Fig. 5(b).19 As discussed later, the discontinuity corre-
sponds to the phase separation between spiral and PM
phase.
The magneto-volume effect in a weak itinerant fer-
romagnet is generally expressed by the square of the
magnetization M , ∆L/L0 ∝ M2.36 In order to com-
pare to the magnetization, we replot the spontaneous
magnetostriction normalized at zero pressure as shown
in Fig. 6. The M2 plotted in the figure are taken from
the bulk magnetization,25 NMR resonant frequency9, 21
and integrated neutron diffraction intensity.20 All results
are in good agreement up to at least P ∼ 1.2 GPa.
Above 1.2 GPa, ∆L/L0 and the sublattice magnetization
from the neutron scattering20 are strongly suppressed,
although M2 obtained by the bulk magnetization and
NMR resonant frequency gradually decreases and still
have finite values above Pc. This is in agreement with the
statements of NMR9 and µSR10 experiments. A phase
separation occurs in the pressure range P ∗ < P < Pc.
The volume fraction of the spiral phase starts to be sup-
pressed above P ∗.
We also compare the spontaneous magnetostriction
with the volume fraction of spiral phase obtained by the
µSR10 and from the integrated intensity of NMR spec-
trum9 in Fig. 7. The results excellently agree with each
other except for the small difference of the critical pres-
sures. The pressure width of the first-order transition is
considered to arise from an extrinsic pressure gradient
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0
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Fig. 3. (Color online) Pressure temperature phase diagram of
MnSi. Our results indicated by the full circles and open
squares are obtained by the thermal expansion and specific
measurements. The data determined by the other probes, ac-
susceptibility (solid line cited from Ref. 4 and black open circle
cited from Ref. 22) and resistivity (black circle cited from Ref. 12)
are also shown for comparison.
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Fig. 4. (Color online) Temperature dependence of the sponta-
neous magnetostriction for several pressures (run 2). The data
were obtained by subtracting the T 2-term which has been fitted
for every pressure above Tmin where ∆L/L0 has a minimum (see
the text).
and/or the intrinsic phase separation.
Without any phase separation, a step-like volume dis-
continuity at Pc is expected. Assuming that the volume
is expressed as V = VSfS + Vp.o(1− fS), where VS(p.o) is
the volume of the contribution from the spiral order (S)
and the partial order (p.o), and fS is the volume fraction
of spiral ordered phase, the volume change is obtained
as ∆V = VS − V = (VS − Vp.o)(1 − fS). We obtained
(VS−Vp.o)/VS ∼ 2×10−4. In Fig. 8, the pressure variation
of the temperature dependence of volume thermal ex-
pansion coefficient αv(= 3αa) found in run 2 are shown.
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Fig. 5. (Color online) Pressure variation of (a) the ordering tem-
perature Tc and (b) the spontaneous linear thermal expansion
taken at 3 K (see data of Fig.4). The results from the neutron
Larmor precession19 are also plotted in both figures: the solid
(red) line in the (a) and red circles in the (b). The dotted lines
are guides for eyes.
With increasing pressure up to P ∼1.5 GPa, an increase
of the deep minimum anomaly of α at Tc associated with
a sharpening is in agreement with the Ehrenfest’s prin-
ciple. Above 1.51 GPa, a strong decrease in the ampli-
tude of the anomaly with P is clearly seen and strongly
related to the collapse of fS to zero above Pc. These be-
haviors agree excellently with the pressure dependence of
the spontaneous magnetostriction close to Pc as shown in
Fig. 5. From our experiments, the phase separation oc-
curs in a pressure range of 0.1 GPa, which is smaller than
the previous reports of ∆P = Pc − P ∗ ∼ 0.3 GPa.9, 10
P ∗ is considered to be less sensitive than Pc, since it de-
scribed the beginning of the phase separation. Basically
it occurs at a pressure where ∂Tc/∂P is not so high by
comparison to that at Pc. However, P
∗ seems to depend
on the sample condition. For example, the two indepen-
dent ac-susceptibility measurements with different pres-
sure mediums and samples give the different values of
P ∗.4, 22
3.3 H − T phase diagram
The H − T phase diagrams at pressures of 1.05 GPa
(< Pc), 1.64 GPa (∼ Pc) and 2.01 GPa (> Pc) obtained
by the thermal expansion and the magnetostriction mea-
surements are presented in Fig. 9. Hc and Hm(Tm) are
the transition field restoring from spiral and PPM phases
and crossover field (temperature) between PPM and PM,
respectively.
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malized at ambient pressure. Closed and open circles are the
results of ∆L(P )/L(0) in this work and in Ref. 19, respectively.
The M2(P )/M2(0) are obtained from the NMR resonant fre-
quency (ν0) (squares),9, 21 bulk magnetization measurement (tri-
angles)25 and neutron scattering measurement (diamonds),20 re-
spectively.
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angles)10 as a function of pressure. All data are normalized at
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Fig. 10 shows field dependence of the relative change
of the lattice constant ∆L/L0 and λ ≡ ∂(L/L0)/∂H at
a pressure of P = 1.05 GPa < Pc. At higher tempera-
ture an anomaly around H ∼ 0.5 T is observed, which
is in agreement with the transition field from the spiral
order to a polarized paramagnetic (PPM) regime.18 This
phase boundary Hc is very ambiguous at low tempera-
ture and becomes well defined above T ∼ 10 K. This
can be seen in Fig. 10(b), which is in agreement with
the weak pressure dependence of the magnetization25 ac-
cording to the Maxwell relation. The magnetostriction is
more pronounced on approaching to Tc ∼ 15 K. For
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Fig. 9. (Color online) Temperature-field phase diagram of MnSi
at pressures of 1.05 (circle), 1.64 (square) and 2.01 GPa (tri-
angle). The guides of solid and dotted lines indicate the phase
boundaries (Hc and Tc) and a crossover (Hm), respectively. The
open and closed symbols indicate the data determined from the
magnetostriction and the thermal expansion measurements. The
shaded region indicates the field re-entrant phase at 1.55 GPa
reported by the ac-susceptibility measurements.18
higher temperatures T > Tc the peak is broadened and
no clear phase boundary can be drawn. A broad peak
of λ(H) denoted as Hm in Fig. 10(b) is observed under
magnetic field, as has been already observed by suscepti-
bility:18 that corresponds to the crossover from PPM to
PM.
Just above Pc at a pressure of 1.64 GPa, a sharp kink
in the magnetostriction is observed around 0.5 T for
T = 3.2 K as shown in Fig. 11. The peak in λ shifts to
higher fields and broadens with increasing temperature,
as already observed at Hm at 1.05 GPa in the Fig. 10.
A field re-entrant magnetic phase shown in the Fig. 9
at low temperature and at 1.55 GPa close to Pc was
clearly observed in the field variation of susceptibility.18
Our magnetostriction measurements failed to detect this
re-entrant phase presumably due to the temperature lim-
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Fig. 10. (Color online) Field variation of (a) the relative change
of lattice constant ∆L/L0 and (b) their field derivative λ at a
constant pressure of 1.05 GPa and several temperatures. The
solid and dotted arrows indicate the transition field between the
spiral and PPM, Hc, and the crossover from PM to PPM, Hm.
itation in our experiment. As shown in Fig. 11, however,
the hight of peak in λ(H) is almost constant or slightly
increases from 3.2 to 4.0 K, in contrast to the strong
suppression at higher temperature. It seems to be consis-
tent with the susceptibility measurements at 1.55 GPa,
where an enhancement of the susceptibility peak with
increasing temperature on approaching the tri-critical
point among the re-entrant helical or spiral, PPM and
PM phases has been observed.18
Well above Pc (Fig. 12), the peak in λ is more pro-
nounced, although the temperature evolution of λ is
quite similar to that at 1.64 GPa. It might be interesting
to note that λ at 2.01 GPa and for fields higher than
H ∼ 1 T is almost constant and insensitive to tempera-
ture.
4. Discussions
We compare in Table I the volume discontinuity of dif-
ferent systems believed to have a first order transition.
Quite similar values of ∆V/V are found for the four in-
termetallic systems which have also quite similar values
of Pc despite the fact that they involve different ground
states at Pc. For CeRh2Si2, the ground state switch oc-
curs between AF and mixed valence paramagnetic phase,
for UGe2 between two FM states (FM2 and FM1) and
for URu2Si2 between hidden order (HO) and AF phases.
It is remarkable that, for the four systems, the idealized
jump of the sublattice magnetization at the critical pres-
sures have the same magnitude: 0.3 µB for MnSi, 0.4 µB
for CeRh2Si2, 0.4 µB for UGe2 and 0.3 µB for URu2Si2.
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Fig. 11. (Color online) Field variation of (a) the relative change
of lattice constant ∆L/L0 and (b) λ at a constant pressure of
1.64 GPa and several temperatures.
By the analogy of the solid-liquid phase transition of 3He,
the compounds in Table I cannot be classified by a weak
first-order transition. For 3He, ∆V/V is∼ 5×10−2, but P
is ∼ 3.4 MPa which is basically three order of magnitude
lower than Pc of the other tabulated materials. For the
reported heavy fermion compounds the mechanical work
P∆V/V at the critical pressure corresponding to the en-
ergy change across the phase transition in all materials is
due to a volume change ∆V/V of ∼ 10−4. Assuming that
P∆V is equivalent to the energy, we get T ∼ 0.4 K for
MnSi, from the spiral to the partial ordered phase transi-
tion, which is comparable to the field collapsing the spiral
order Hc ∼ 0.6 T. As discussed previously18 and in sub-
section 3.3, the characteristic fields, Hc or Hm extrapo-
lated to T → 0 K, are weakly pressure dependent, in con-
trast to the strong pressure variation of Tc. For example,
Hc(0) ∼ 0.55 T at P = 1.05 GPa is near the extrapola-
tion ofHm(0) ∼ 0.4 T for P = 2.01 GPa as seen in Fig. 9.
By analogy with the re-entrant phase at P = 1.55 GPa,18
which we failed to detect due to the experimental tem-
perature limit (T > 3 K) at P = 1.64 GPa, Hc(0) around
Pc have also similar value of 0.6 T. Thus the FM and DM
interactions appear robustly above Pc.
Next, we try to evaluate how the low temperature
electronic excitations change under pressure, i.e. what
is the pressure evolution of the effective mass. This can
be achieved when the thermal expansion reaches its low
temperature regime: ∆L/L0 varies as T
2, and hence the
αv ∝ T . According to the Maxwell relation,
∂V
∂T
= − ∂S
∂P
= −T ∂γ
∂P
. (1)
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Fig. 12. (Color online) Field variation of (a) the relative change
of lattice constant ∆L/L0 and (b) λ at a constant pressure of
2.01 GPa and several temperatures.
Table I. Comparison of the relative volume change, ∆V/V , at
the first-order phase transition in several materials. The type of
phase transition and critical pressure are shown for comparison.
The IV and HO indicate the intermediated valence and hidden
order phase. For UGe2, the two different Ising-type of FM
with different moments are indicated as FM1 and 2. A typical
example of a first-order transition from solid to liquid for 3He is
also shown.
Phases P ∆V/V
MnSi (This work) FM-NFL 1.5 GPa ∼ 2× 10−4
CeRh2Si26 AFM-IV 1.2 GPa ∼ 1× 10−4
UGe231 FM2-FM1 1.2 GPa ∼ 1.5× 10−4
URu2Si233 HO-AF ∼0.5 GPa 6×10−5
3He solid-liquid 3.4 MPa ∼ 5× 10−2
Then, we obtain the pressure derivative of the Sommer-
feld coefficient γ of the linear temperature term of the
specific heat from the coefficient of T -term of αv from
Fig. 8,
∂γ
∂P
= −V0
αv
T
. (2)
A derivation of the low temperature regime can not
be achieved near Pc. However, it can be derived for
P < 1.51 GPa as Tc ∼ 5 K, and attempts can be made
above Pc ∼ 1.6 GPa. Fig. 13(a) represents the derived
slope of ∂γ/∂P ; there are a steep increase of ∂γ/∂P
below Pc and a weak variation of that above Pc. That
leads to the pressure variation of γ shown in Fig. 13(b).
Of course, one can argue on the accuracy in ∂γ/∂P above
Pc. Without any subtraction of any T
2 contribution to
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Fig. 13. (Color online) Pressure dependence of (a)∂γ/∂P and
(b)γ evaluating from the volume thermal expansion coefficient
(solid circle), γα, and from the T 2-coefficient of resistivity (open
circle), γA.
12 As shown in arrows, above Pc, ∂γ/∂P should be
negative, resulting in the negative pressure dependence of γ (solid
line in (b)). The details are discussed in the text. The dotted lines
are guides for eyes.
the lattice deformation, in our experiment the crossing of
Tc leads to the expansion of the lattice on cooling. Above
Pc, a continuous contraction is observed corresponding
to the classical behavior that band width as well as the
related Fermi temperature increase with pressure (see
Fig. 1). Above Pc and at low temperature, α must have
a positive temperature dependence, leading to the neg-
ative ∂γ/∂P above Pc. In heavy fermion compounds an
estimation of the pressure variation of γ is often given
through the P dependence of the A-coefficient of the AT 2
resistivity term assuming the validity of the Kadowaki-
Woods relation A ∼ γ2. Our derived values of γ(P ) can
be scaled rather well with
√
A12 at least up to 1.4 GPa.
Of course above Pc, the collapse of the Fermi liquid law
in the resistivity prevents any comparison.
It is also interesting to remark that (i) the predicted
γ(P ) of MnSi is quite comparable to that found in
CeRh2Si2
37 and even in UGe2
38 and (ii) the NFL behav-
iors observed in MnSi above Pc has been also found for
URu2Si2 at the first order HO-AF transition
39 and also
for CeRh2Si2 at the first order transition not between
AF and PM but between the two AF ground states.40
The different ground states achieved in MnSi under
pressure are dictated by the hierarchies of the ferromag-
netic exchange, DM interaction and local anisotropy fix-
ing the direction of propagation vector. The image of the
previous experiment is that the FM interaction is weakly
P invariant as well as the DM interaction (weak pressure
dependence ofHc(0) below Pc and ofHm(0) above Pc).
18
Thus the drastic pressure effects may be some changes in
the anisotropy strongly related to the local nature of the
magnetism originated from the Mn-ion. Here, it is worth-
while to notice that at ambient pressure, MnSi appears
as a mixed valent compound.41 Thus as it happens for
4f - or 5f -based heavy fermion systems,42 tiny change of
the valence may have drastic effects in the anisotropy.1
The unusual phase above Pc is still not identified. It
was reported from neutron scattering experiments that a
partial magnetic order seems to occur with the compar-
ison of short range orders in liquid crystals.11 Recently,
the switch from single wave vector (spiral) ordering to an
amorphous skymiron ground state,43 to new crystalline
phases (equivalent to blue phases in liquid crystal)44 or
to superposition of distinct spin spirals45 have been sug-
gested. There is clearly a necessity to invoke topological
defects or high sensitivity to disorders to try to elucidate
the NFL behavior detected in transport measurements
above Pc.
13, 14 The unusual high sensitivity of MnSi with
its chiral DM interaction leads already to the proposal
of an easy formation of extended localized defects above
Tc with the interesting description of extended localized
defects.46
As pointed out, the insufficient precision of our ex-
periments and previous works19 do not allow to derive
accurate temperature dependence of the thermal expan-
sion at low temperature and above Pc. In both cases, no
signature of the phase transition at T0 emerges in α has
been detected. In our experiments, it has been found that
just above Tc the fit of the ∆L/L0 data by a a
′T 2 term
requires a pressure variation of a′. In the previous Lar-
mor precession experiments, a constant value of a′ was
taken19 . When Tc decreases significantly, this term can-
not be a pure phonon contribution as the lattice thermal
expansion related to the phonon specific heat (C ∝ T 3)
via the Gru¨neisen parameter of the Debye temperature
must correspond to a T 4 dependence of the lattice con-
traction. Our guess is that in this report the derived ex-
tra characteristic energy TTE corresponds to the regime
where the thermal dilatation becomes dominated by the
electronic degree of freedom.
An important challenge is to improve the accuracy in
the thermal expansion experiments under pressure. In
addition, the difficulties of every high pressure experi-
ments are to evaluate the role of pressure inhomogeneity
in the pressure chamber through the pressure transmit-
ting medium. A pressure distribution near 0.05 GPa is
often estimated with the Daphne oil used here.47 Flu-
orinert (depending on the constituent of the mixture)
often used for neutron pressure measurements and the
other organic liquid can induce even higher pressure in-
homogeneity.48 A new generation of experiments must
be realized with an optimization of the hydrostaticy, for
example, transport measurements to investigate the un-
usual phase for P > Pc in diamond anvil cell with He
transmitted medium.
5. Conclusion
Extensive thermal expansion measurements of MnSi
under pressure give the value of the volume discontinuity
∆V/V ∼ 2 × 10−4 across Pc, which is well scaled by
the volume fraction of spiral ordered state derived by
J. Phys. Soc. Jpn. Full Paper Author Name 9
microscopic measurements, such as NMR and µSR. The
energy associated with the volume discontinuity, P∆V , is
comparable to the Zeeman energy required to destroy the
chiral order. The similar volume discontinuity associated
with comparable drop of the sublattice magnetization
was found for the heavy fermion systems showing the first
order transition between quite variety of ground states,
such as CeRh2Si2, UGe2 and URu2Si2.
The ground state above Pc is still under debate. The
FM exchange energy is quite stable under pressure as
well as the DM interaction, i.e. the weak P variation
Hc(0) andHm(0). Our proposal is that the main pressure
driving change originates from the intermediate valence
properties of MnSi.
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